Cerebral amyloid angiopathy (CAA) is characterized by deposition of amyloid β peptide (Aβ) within walls of cerebral arteries and is an important cause of intracerebral hemorrhage, ischemic stroke, and cognitive dysfunction in elderly patients with and without Alzheimer's Disease (AD). NADPH oxidase-derived oxidative stress plays a key role in soluble Aβ-induced vessel dysfunction, but the mechanisms by which insoluble Aβ in the form of CAA causes cerebrovascular (CV) dysfunction are not clear. Here, we demonstrate evidence that reactive oxygen species (ROS) and, in particular, NADPH oxidase-derived ROS are a key mediator of CAA-induced CV deficits. First, the NADPH oxidase inhibitor, apocynin, and the nonspecific ROS scavenger, tempol, are shown to reduce oxidative stress and improve CV reactivity in aged Tg2576 mice. Second, the observed improvement in CV function is attributed both to a reduction in CAA formation and a decrease in CAA-induced vasomotor impairment. Third, anti-ROS therapy attenuates CAA-related microhemorrhage. A potential mechanism by which ROS contribute to CAA pathogenesis is also identified because apocynin substantially reduces expression levels of ApoE-a factor known to promote CAA formation. In total, these data indicate that ROS are a key contributor to CAA formation, CAA-induced vessel dysfunction, and CAA-related microhemorrhage. Thus, ROS and, in particular, NADPH oxidase-derived ROS are a promising therapeutic target for patients with CAA and AD.
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Alzheimer's disease | cerebral amyloid angiopathy | reactive oxygen species | NADPH oxidase | vasomotor dysfunction C erebral amyloid angiopathy (CAA) is characterized by amyloid deposition within walls of leptomeningeal and cortical arterioles. Among the several types of amyloid proteins causing CAA, fibrillar amyloid β (Aβ) is by far the most common (1) . This pathological form of Aβ is also the major constituent of neuritic plaques in patients with Alzheimer's disease (AD) (2) . Aβ is a 39-to 43-amino acid peptide that is produced from the amyloid precursor protein (APP) via sequential proteolytic cleavage processed by β-and γ-secretases (3, 4) . Aβ 40 is the predominant Aβ species present in CAA whereas Aβ 42 is the major Aβ species present in neuritic plaques. CAA is a very common disorder, pathologically affecting about one-third of all elderly patients (>60 y of age) and about 90% of patients with AD (5, 6) . CAA is a well-recognized cause of intracerebral hemorrhage (7, 8) . It is also a major contributor to ischemic stroke and dementia (2, 9-12)-two conditions in which CAAinduced impairment in cerebral arteriole function is likely to play a fundamental role (13) .
Multiple lines of evidence indicate that soluble Aβ monomers and insoluble Aβ fibrils in the form of CAA cause significant cerebrovascular (CV) impairment. Ex vivo studies with isolated cerebral arterioles show that synthetic Aβ 40 ( and to a lesser degree Aβ 42 ) induces direct vessel constriction, enhanced response to vasoconstrictors, and reduced response to vasodilators (14) (15) (16) (17) (18) (19) (20) (21) (22) .
Similar results have been demonstrated with synthetic Aβ 40 topically applied to the cerebral cortex (23, 24) , results that are generally supported by in vivo studies (20, 23, 25) . For example, Iadecola and coworkers have shown that young APP transgenic mice (Tg2576) exposed to elevated levels of Aβ 40 and Aβ 42 (but no CAA) have reduced baseline cerebral blood flow (CBF) and decreased CBF responses to topical vasodilators (23, 24, 26) . We have shown similar CV deficits in young Tg2576 mice (13) . Moreover, we provided the most direct evidence to date that endogenous soluble Aβ plays a causal role in these CV deficits when we found that depletion of soluble Aβ via γ-secretase inhibition restores CV function in young Tg2576 mice (13) .
Fibrillar Aβ in the form of CAA produces even greater degrees of CV impairment. Evidence for this notion comes from several experimental studies from different laboratories that show reduced pial arteriole responses (27) and diminished CBF responses (27, 28) to a variety of vasodilatory stimuli in aged APP mice with CAA vs. young APP mice without CAA. Our past work examining pial arteriole function in young vs. aged Tg2576 mice shows similar age-dependent CV deficits (13) . Moreover, multiple additional observations from our study show that CAA (and not prolonged exposure to soluble Aβ and/or mutant APP) is the principle cause
Significance
One of the hallmarks of Alzheimer's disease (AD) is cerebral amyloid angiopathy (CAA), which is a strong and independent risk factor for cerebral hemorrhage, ischemic stroke, and dementia. However, the mechanisms by which CAA contributes to these conditions are poorly understood. Results from the present study provide strong evidence that vascular oxidative stress plays a causal role in CAA-induced cerebrovascular dysfunction, CAA-induced cerebral hemorrhage, and CAA formation, itself. They also suggest that NADPH oxidase is the source of this oxidative stress and that strategies to inhibit NADPH oxidase may have therapeutic potential in patients with AD and CAA.
of the severe CV dysfunction noted in aged Tg2576 mice: (i) The severity of the vasomotor deficits noted in these mice is dependent on the presence and extent of CAA; (ii) even small amounts of CAA are associated with profound vasomotor impairment; and (iii) the CV dysfunction noted in CAA-ladened arteries is poorly responsive to depletion of soluble Aβ via γ-secretase inhibition (13) .
Regarding the mechanism of soluble Aβ-induced CV deficits, increased reactive oxygen species (ROS) are strongly implicated. Cerebral arterioles exposed to exogenous Aβ 40 develop significant oxidative stress (29) , and various anti-ROS strategies have been shown to improve Aβ 40 -induced vessel dysfunction (16, 23) . Similarly, cerebral arterioles of young APP mice producing elevated levels of endogenous Aβ 40 and Aβ 42 (but no CAA) display oxidative stress (19) , and the CV deficits found in these mice can be attenuated by both genetic and pharmacologic anti-ROS interventions (15, 19, 20, 30) . In particular, ROS derived from NADPH oxidase-one of two major sources of ROS in the cerebrovasculature (31-33)-have been implicated (28-30, 34, 35) .
Regarding the mechanism of CAA-induced CV deficits, far less is known; however, three recent findings suggest that ROS may play a role. First, CAA-affected vessels were shown to have significantly greater oxidative stress than CAA-free vessels of aged Tg2576 mice (36) . Second, genetic knockdown of mitochondrial superoxide dismutase 2 (SOD2)-which increases mitochondria-derived ROS-was shown to exacerbate CAA pathology in aged APP mice (37) . Third, genetic depletion of the catalytic subunit Nox2 of NADPH oxidase was shown to reduce oxidative stress and improve CV function in aged Tg2576 mice (28, 35) . Importantly, the latter studies did not examine for the presence of CAA, nor did they assess for the effect of CAA on cerebral arteriole function (28, 35) . To address this critical knowledge gap, we examined the effect of the NADPH oxidase inhibitor, apocynin, and the nonspecific ROS scavenger, tempol, on CAA-induced CV dysfunction in aged Tg2576 mice. The effect of these agents on CAA formation and CAA-related microhemorrhage was also examined.
Results
Oxidative Stress Is Increased in Brain and Cerebral Arteries of Aged Tg2576 Mice. To test the possibility that NADPH oxidase-derived ROS are associated with CV dysfunction, we first determined gene expression of Nox isoforms in leptomeningeal arteries isolated from 12-mo-old Tg2576 mice and age-matched WT mice by real-time quantitative PCR (qPCR). We found that the level of Nox2 gene expression was significantly increased in leptomeningeal arteries of aged Tg2576 mice vs. littermate controls whereas the level of other Nox isotype genes remained unchanged between the two groups (Fig. 1A) . Next, we assessed whether brain and cerebral arteries of aged Tg2576 mice have increased oxidative stress. In agreement with past reports (28, 36, 38) , we noted that cerebral arterioles as well as neurons of 15-mo-old Tg2576 mice have increased oxidative stress compared with littermate WT mice, as assessed by immuno-labeling with an antibody specific for 3-nitrotyrosine (a marker for oxidative damage) (Fig. 1B) . Also in agreement with past reports (20) , we noted up-regulation of SOD2 (an oxidative stress-inducible enzyme) in the cortex of aged Tg2576 mice by quantitative PCR and Western blot analyses ( Fig. 1 A and C) . Finally, we documented increased dihydroxyethidium (DHE) fluorescence (a direct measure of superoxide) in brain and cerebral vessels of aged PS1APP transgenic mice via multiphoton microscopy (see Fig. S3 ). Taken together, these data indicate that brain and cerebral arteries of aged APP transgenic mice develop substantial oxidative stress.
Apocynin and Tempol Reduce Oxidative Stress and Restore CV Function in Aged Tg2576 Mice. To examine whether ROS and, in particular, NADPH oxidase-derived ROS contribute to CAAinduced CV dysfunction, Tg2576 mice were administered the NADPH oxidase inhibitor apocynin (1.5 mM) or the ROS scavenger tempol (1 mM) in drinking water for 10-12 wk beginning at 12 mo of age. First, we assessed whether apocynin and tempol pass the blood-brain barrier (BBB) and reach the brain after oral administration. In vitro assays examining lipophilicity and BBB permeability revealed that both apocynin and tempol were highly permeable to the BBB (Fig. S1 ). In vivo assays showed that apocynin (39) and tempol (Fig. S2) effectively reach the brain after oral administration in mice. Second, we assessed whether apocynin and tempol reduce the oxidative stress found in aged APP transgenic mice. We documented that apocynin and to a lesser degree tempol reduced the oxidative stress noted in brain parenchyma and cerebral vessels of aged APP transgenic mice as determined by immunolabeling of 3-nitrotyrosine (see Fig. 3B ), Western immunoblotting of SOD2 ( Fig. 1 B and C) , and DHE multiphoton microscopy (Fig. S3) . Third, we assessed pial arteriole reactivity to endothelial cell (EC)-dependent vasodilators (acetylcholine), EC-independent vasodilators (SNAP), and EC-independent vasoconstrictors (PGF 2α ) via live cranial window. Using this method of assessing CV function, we confirmed our previous finding (13) that pial arteriole responses were significantly reduced in aged Tg2576 mice compared with littermate WT mice (SNAP-Tg2576 mice, 1.7 ± 0.4% vs. WT mice, 4.6 ± 1.1%; P = 0.008; PGF 2α -Tg2576 mice, 1.3 ± 0.6% vs. WT mice, 4.0 ± 0.8%; P = 0.008; acetylcholine-Tg2576 mice, 0.9 ± 0.4% vs. WT mice, 2.8 ± 0.6%; P = 0.006) ( Fig. 1 D-F) . We then determined the effect of anti-ROS treatment on this severe form of CV dysfunction. In apocynin-treated aged Tg2576 mice, CV responses to vasoactive stimuli were substantially improved (SNAP-apocynin, 6.6 ± 0.9% vs. vehicle, 1.7 ± 0.4%; P < 0.001; PGF 2α -apocynin, 3.0 ± 1.2% vs. vehicle, 1.3 ± 0.6%; P = 0.107; acetylcholine-apocynin, 2.9 ± 0.9% vs. vehicle, 0.9 ± 0.4%; P = 0.017). In tempol-treated aged Tg2576 mice, CV responses to vasoactive stimuli were also significantly enhanced (SNAP-tempol, 4.3 ± 0.9% vs. vehicle, 1.7 ± 0.4%; P < 0.004) ( Fig. 1 D-F ). This restoration of CV function in apocynin-and tempol-treated Tg2576 mice could not be attributed to differences between groups in baseline vessel diameters (Fig. S4 ), body weight ( Fig.  S4 ), mean arterial blood pressure (Table S1 ), or blood levels of pCO 2 (Table S1 ). To examine whether anti-ROS therapy directly modulates vascular cell reactivity, we used an in vitro live microscopic imaging system using cultured rat brain vascular smooth muscle cells (VSMCs). We found that incubation of rat VSMCs with soluble Aβ 40 led to enhanced KCL-induced VSMC constriction (Fig. S5 )-a hypercontractile response that was inhibited by cotreatment with apocynin and to a lesser degree tempol (Fig. S5 ). In total, these data indicate that there is marked impairment in EC-dependent and VSMC-dependent vascular reactivity in aged Tg2576 mice, that this CV dysfunction is mediated via ROS, and that a principle source of the offending ROS is likely NADPH oxidase.
Apocynin Selectively Decreases CAA Formation. To explore the potential mechanisms by which anti-ROS therapy reduces CV deficits in aged Tg2576 mice, we visualized CAA and neuritic plaque loads using the congophilic fibrillar amyloid dyes methoxy-X04 (for in vivo imaging of CAA and neuritic plaques) (40), methoxy-X34 (for in situ staining of CAA and neuritic plaques) (40) , and resorufin (for in situ staining of CAA alone) (41) . Similar to our previous report (13) , substantial deposition of CAA and neuritic plaques was noted in 15-mo-old, vehicle-treated Tg2576 mice where CAA deposits had progressed to encompass almost the entire leptomeningeal arteriolar system without interruption ( Fig. 2A) . Importantly, apocynin treatment markedly reduced these CAA deposits, while having no effect on neuritic plaque deposits ( Fig. 2A) . To quantitate this in vivo observation, CAA and neuritic plaque loads were examined by subjecting fixed coronal brain sections to fluorescent double-labeling of fibrillar amyloid with resorufin and methoxy-X34 (Fig. 2B ). We found that apocynin reduces CAA deposits by 80% (apocynin, 0.06 ± 0.02% vs. vehicle, 0.29 ± 0.08%; P < 0.05) while having no effect on neuritic plaque deposits (apocynin, 0.71 ± 0.13% vs. vehicle, 0.80 ± 0.08%; P > 0.05) ( Fig. 2 C and D) . A similar but nonsignificant selective decrease in CAA deposits was noted in tempol-treated animals ( Fig. 2 C and D) . These data indicate that anti-ROS therapy restores CV function in aged Tg2576 mice, at least in part, via selective reduction in CAA formation. This finding was unexpected and suggests that ROS contribute to the pathogenesis of CAA itself.
Apocynin and Tempol Reduce CAA-Induced Vasomotor Impairment.
To determine whether anti-ROS therapy improves CV function in aged Tg2576 mice via additional mechanisms other than reducing CAA load, we examined CV function while controlling for CAA severity across individual vessel segments. To do so, vasodilatory responses in vehicle-treated, apocynin-treated, and tempol-treated aged Tg2576 mice were plotted against the percent CAA coverage ( Fig. 3 B and D) or against the presence or absence of CAA (Fig. 3  C and E) . First, we documented that pial arteriole reactivity was significantly reduced in vessel segments with CAA vs. those without CAA in untreated aged Tg2576 mice (Fig. 3E) and that pial arteriole reactivity was completely abolished in vessel segments having greater than 20% CAA coverage in untreated aged Tg2576 mice (Fig. 3 B-D) . Both of these findings are consistent with our previous report (13) . Second, we found that apocynin significantly improved CV reactivity not only in vessel segments without CAA (Fig. 3E ) or mild CAA (<20% coverage) (Fig. 3 B  and D) , but also in vessel segments having moderate CAA (21-60% coverage) (Fig. 3 B and D) and even severe CAA (>60% coverage) (Fig. 3B) . We also found that tempol treatment restored CV reactivity in aged Tg2576 mice, albeit to a lesser degree (Fig. 3 B-E). The fact that apocynin and tempol improve CV function in vessel segments having such extensive CAA indicates that ROSdirected therapy is improving CV function not only via reduction in CAA formation but also by directly attenuating CAA-induced vasomotor impairment. Apocynin and Tempol Do Not Reduce CAA-Induced VSMC Loss. Another manner by which anti-ROS therapy could improve CAArelated CV dysfunction is by reducing CAA-induced VSMC toxicity. To investigate this possibility, we quantified VSMC density and CAA load in aged Tg2576 and littermate WT mice treated with vehicle, apocynin, or tempol using fluorescent labeling of CAA and VSMCs and multiphoton microscopy (Fig. S6 ). Similar to our previous report (13), we documented an overall loss of VSMC density in the leptomeningeal vessels of aged Tg2576 mice compared with littermate WT mice (Fig. 4A) . We also found that apocynin significantly reduces this VSMC loss (P < 0.05) (Fig. 4A) . However, when we controlled for CAA severity by examining VSMC density in vessel segments with similar degrees of CAA, apocynin treatment had no appreciable effect on VSMC loss (Fig. 4B) . Similar results were seen in tempoltreated animals (Fig. 4B) . These data indicate that ROS-directed interventions reduce VSMC loss in vessels of aged Tg2576 mice primarily by decreasing CAA load and not by reducing CAAinduced VSMC toxicity.
Apocynin Reduces CAA-Associated Microhemorrhage. Prussian blue staining has been widely used for detection of hemosiderin, a degradation product of hemoglobin captured in microglia/macrophages where microhemorrhages have occurred. We found that Prussian blue-positive microhemorrhages were present in aged Tg2576 mice but not in WT mice (Fig. 5A) . We also found that apocynin significantly reduces the number of microhemorrhages in aged Tg2576 mice (apocynin, 1.25 ± 0.4 vs. vehicle, 2.5 ± 0.4 profiles per section, P = 0.04) (Fig. 5B) . A similar (but nonsignificant) reduction in the number of microhemorrhages was noted in tempol-treated animals (Fig. 5B) . These data indicate that the decrease in CAA formation afforded by anti-ROS therapy produces an important reduction in CAA-related microhemorrhage.
Apocynin and Tempol Reduce Brain ApoE Levels. To begin to explore the mechanisms by which anti-ROS therapy selectively attenuates the development of CAA, we examined two factors known to strongly influence CAA pathogenesis: brain ApoE levels and brain Aβ 40 /Aβ 42 ratio. To do so, apocynin (1.5 mM) was fed in drinking water for 12 wk to WT or Tg2576 mice beginning at 6 mo of age. This age (which precedes vascular and parenchymal amyloid deposition) was chosen to avoid the confound that amyloid plaques have on accurately quantitating soluble Aβ (42, 43) . Aβ ELISAs demonstrated that apocynin did not affect the levels of Aβ 40 and Aβ 42 in cortex and cerebrospinal fluid (Fig. 6  A and B) , nor did it affect Aβ 40 /Aβ 42 ratios (Fig. 6C) . In contrast, apocynin significantly reduced ApoE levels in the cortex (Fig. 6D) . In a separate experiment, apocynin (1.5 mM) or tempol (1 mM) was fed in drinking water for 2 wk to Tg2576 mice beginning at 3 mo of age-an age that again precedes vascular and parenchymal amyloid deposition. Results from this experiment confirmed that apocynin significantly reduced brain ApoE levels and found that tempol also tends to reduce brain ApoE levels (Fig. S7) . These data suggest that the manner by which apocynin and tempol reduce CAA formation is via its influence on brain ApoE metabolism.
Apocynin Reduces Inflammatory Activation of Astrocytes and Microglia in Aged Tg2576 Mice. We examined the effect of apocynin on astrocyte and microglial activation by performing GFAP and CD45 immunohistochemistry in aged Tg2576 mice. Consistent with previous reports (20, 44) , we noted a marked increase in both GFAPand CD45-positive immunoreactivities in aged Tg2576 mice (Fig. 7) . We also found that apocynin treatment significantly reduced activated astrocytes and microglial cells by 40% and 45%, respectively, whereas tempol treatment had less effect on GFAPand CD45-positive immunoreactivity (Fig. 7) . Double labeling with methoxy-X34 and activated glial markers demonstrated that apocynin primarily reduces the number of activated astrocytes and microglial cells around methoxy-X34-positive (dense core) neuritic plaques (Fig. S8 ).
Discussion
Our study has several important findings. First, two different anti-ROS interventions-the NADPH oxidase inhibitor, apocynin, and the nonspecific ROS scavenger, tempol-reduce oxidative stress and improve CV function in aged Tg2576 mice. Second, the CV protection afforded by anti-ROS therapy was the product of both a decrease in CAA formation as well as a direct reduction in CAA-induced vasomotor impairment. Third, anti-ROS therapy decreases microhemorrhage-another important downstream consequence of CAA. Taken together, these findings represent direct evidence that ROS play a causal role in the CV deficits induced by fibrillar Aβ in the form of CAA and that the source of the ROS is likely NADPH oxidase. In addition, we provide preliminary evidence that one mechanism by which ROS impact CAA pathogenesis is via an effect on ApoE-a factor known to promote CAA formation (45, 46) . Our findings have both mechanistic and therapeutic significance. For the former, our results provide strong and direct evidence that ROS are a key contributor to CAA-induced CV deficits and that they play a key role in CAA pathogenesis. For the latter, our results suggest that anti-ROS interventions such as NADPH oxidase inhibition carry great promise as a novel therapeutic approach for patients with CAA and AD.
CAA-Induced Vascular Dysfunction. Our results confirm our past findings (13) and past findings of others (27, 28, 47 ) that aged Tg2576 mice have substantial CV dysfunction. Moreover, they show that (i) the extent of this vascular impairment is dependent on the presence and severity of CAA, and (ii) the nature of this CV impairment is fundamentally different from that of soluble Aβ-induced vessel dysfunction. Regarding the first assertion, our results demonstrate that vasomotor deficits in aged Tg2576 mice are greater in vessel segments having moderate-to-severe CAA vs. vessel segments having mild CAA. This finding is consistent with our past study (13) , which was the first to report the association between CAA severity and extent of vessel dysfunction. When coupled with the fact that CAA-ladened vessels are poorly responsive to soluble Aβ-directed interventions (13) , these data strongly implicate CAA as having a causal role in the severe CV deficits noted in aged APP mice. Regarding the second assertion, several lines of evidence indicate that there are fundamental differences between CAA-induced vs. soluble Aβ-induced CV dysfunction. First, CAA causes more severe CV deficits than soluble Aβ alone. Evidence for this notion stems from ex vivo (48) and in vivo (13) studies in which CV function was compared in young APP mice without CAA vs. aged APP mice with CAA. Second whereas soluble Aβ-induced CV deficits are primarily linked to EC dysfunction, CAA-induced CV deficits are predominantly the consequence of VSMC dysfunction. Evidence for the latter include: (i) CAA-ladened vessels from transgenic mice have reduced responses to EC-independent/ VSMC-dependent vasoactive stimuli including hypercapnia (present study and refs. 13, 47, and 49), sodium nitroprusside (27) , SNAP (present study and ref. 13) , and PGF 2α (present study); and (ii) CAA-ladened vessels from transgenic mice and humans develop substantial VSMC disruption and degeneration in advanced stages of the disease (13, 50, 51 (48) used an isolated cerebral arteriole preparation to show that CAA-ladened vessels from aged Tg2576 mice have reduced responses to vasodilatory and vasoconstrictory stimuli. Our present study using a cranial window preparation in aged Tg2576 mice shows that CAA-ladened vessels have reduced responses to vasodilatory and vasoconstrictory stimuli.
In total, our present data, when coupled with past results, strongly support the notion that CAA causes a more severe and fundamentally different form of CV impairment compared with soluble Aβ. These differences may account, at least in part, for the established link between CAA and neurological morbidity due to ischemic stroke, cerebral hemorrhage, and dementia compared with soluble Aβ-induced CV dysfunction in which the clinical consequences have yet to be established [for a review, see Zipfel et al. (54) ]. It is therefore critical that the underlying mechanisms of CAA-induced CV impairment be determined.
Contribution of ROS to CAA-Induced Vascular Dysfunction. Most mechanistic studies examining the pathophysiological effects of Aβ on CV function have focused on soluble Aβ species, with the majority reporting that Aβ monomers (especially Aβ 40 ) cause a hypercontractile vascular phenotype potentiated by EC dysfunction (see discussion above). Several lines of evidence indicate that NADPH oxidase-derived ROS are responsible for these deficits. First, soluble Aβ causes vascular oxidative stress in a variety of experimental settings (29, 55) . Second, pharmacologic and genetic inhibition of NADPH oxidase blocks the CBF deficits induced via topical application of synthetic Aβ 40 onto the cortical surface of live mice (23) . Third, and most importantly, young Tg2576 mice with elevated endogenous Aβ monomers (but no CAA) lacking the NADPH oxidase subunit Nox2 do not develop significant CV dysfunction (28) .
Whether ROS and, in particular, NADPH oxidase-derived ROS also contribute to CAA-induced CV deficits is poorly understood; however, three recent findings suggest this notion may be the case. First, Garcia-Alloza et al. (36) demonstrated that CAA-ladened vessels (but not CAA-free vessels) of aged Tg2576 mice develop severe oxidative stress. Second, Esposito et al. (37) noted that genetic knockdown of mitochondrial SOD2-which increases mitochondria-derived ROS-worsens CAA pathology in aged APP mice. Third, Park et al. (28, 35) found that aged Tg2576 mice treated with an NADPH oxidase peptide inhibitor develop less severe CV dysfunction and that aged Tg2576 mice lacking the NADPH oxidase subunit Nox2 develop no CV deficits at all. Although the presence of CAA and its effect on CV function were not examined in these studies, the fact that Tg2576 mice were assessed at an age when CAA is expected (28, 35) suggests that ROS may play a causal role in CAA-induced CV impairment.
Results from the present study provide direct evidence that ROS are in fact a key mediator of CAA-induced CV deficits and strongly suggest that the source of this oxidative stress is NADPH oxidase. First, we demonstrated that the NADPH oxidase inhibitor, apocynin, and the nonspecific ROS scavenger, tempol, reduce oxidative stress and improve CV function in aged Tg2576 mice. Second, we showed that the source of the CV improvement is CAA-mediated because anti-ROS therapy reduces both CAA formation and CAA-induced vasomotor impairment. Third, we showed that anti-ROS therapy reduces microhemorrhageanother important consequence of CAA. These data not only confirm the studies of Park and coworkers, who were the first to show that the CV deficits in aged Tg2576 mice are ROS-mediated, but significantly extend them by shedding mechanistic insight into the manner by which ROS produce CV deficits (i.e., through promotion of CAA formation and CAA-induced vasomotor impairment). This insight was possible because we (i) histologically examined and quantified CAA, and (ii) assessed CV function in a way that permits direct quantification of CAAinduced vasomotor impairment. Importantly, although our results directly implicate ROS in CAA pathogenesis and CAAinduced CV deficits, additional experiments will be required to prove that NADPH oxidase is a key source of the offending ROS, given that some have reported that apocynin not only inhibits NADPH oxidase but may also function as a ROS scavenger (56, 57) .
Role of ROS in CAA Pathogenesis. Several in vitro studies implicate oxidized cellular components in the promotion of Aβ fibrillization. Cholesterol oxidative metabolites modify Aβ peptides by Schiff base formation leading to spherical and fibrillar Aβ aggregates (58) . Lipid oxidation products promote Aβ aggregation through a pathway involving modification of His residues in Aβ proteins by Michael addition, leading to increased Aβ affinity for lipid membranes and heightened tendency for Aβ to aggregate into fibrils (59) .
Multiple in vivo studies also implicate ROS in amyloid pathogenesis. Anti-ROS agents, including curcumin and phenyl-N-tert-butyl nitrene, reduce parenchymal amyloid burden in aged APP mice (60) (61) (62) (63) . Other anti-ROS agents, however, are not effective (20, 36, 64) . Issues related to potency, specificity, and duration of therapy may have contributed these disparate results. Genetic approaches have also been used to examine the influence of ROS on amyloid formation. Three studies have examined the potential role of mitochondria-derived ROS: (i) Li et al. (65) noted that aged APP mice with heterozygous genetic knockdown of SOD2 (leading to greater mitochondriaderived ROS) develop an increase in parenchymal amyloid burden; (ii) Esposito et al. (37) reported that aged APP mice with genetic heterozygous knockdown of SOD2 (leading to greater mitochondria-derived ROS) develop a decrease in parenchymal amyloid burden (although neuritic dystrophy and neurobehavioral deficits were worse); and (iii) Massaad et al. (66) demonstrated that Tg2576 mice with genetic overexpression of SOD2 (leading to reduced mitochondria-derived ROS) develop a decrease in parenchymal amyloid burden and improved neurobehavioral outcome. Although somewhat contradictory in terms of the impact on amyloid load (increase vs. decrease), these results indicate that mitochondria-derived ROS play a key role in parenchymal plaque pathogenesis. In contrast, Iadecola and coworkers (28, 35) showed that NADPH oxidase-derived ROS play no apparent role in parenchymal amyloid pathogenesis because Tg2576 mice lacking Nox2 develop similar parenchymal plaque burden as littermate Tg2576 mice expressing WT Nox2. Overall, these pharmacologic and genetic studies strongly suggest that ROS play a contributing role in parenchymal amyloid pathogenesis and that Activation of both astrocytes and microglia were noted in Tg2576 mice as determined by immunolabeling with cell type-specific markers for activated astrocytes (GFAP) and microglia (CD45) (A). Both GFAP-and CD45-positive immunoreactivity was significantly reduced in apocynin-treated Tg2576 mice (n = 5-6 per group) (B and C). *P < 0.05 as determined by ANOVA. mitochondria (rather than NADPH oxidase) are the principle source of the offending ROS.
The role of ROS in vascular amyloid pathogenesis, however, is less clear. Only three of the aforementioned pharmacologic studies and one of aforementioned genetic studies assessed the influence of ROS on CAA formation. Results from the pharmacological studies are as follows: (i) pomegranate juice (which has some antioxidant properties) administered to Tg2576 mice for 6 mo had no effect on CAA formation (63); (ii) curcumin (which has some antioxidant properties) administered to APP/PS1 dE9 mice for 7 d had a nonsignificant trend toward reducing CAA formation (62) ; and (iii) phenyl-N-tert-butyl nitrone (a nonspecific ROS scavenger) given to APP/PS1 dE9 and Tg2576 mice for 1 mo had no effect on CAA formation (36) . Again, issues of potency, specificity, and duration of therapy could have affected these results. The result from the one genetic study is as follows: heterozygous genetic knockdown of SOD2 (leading to greater mitochondria-derived ROS) in APP mice led to an increase in vascular amyloid burden. In total, these four studies are less than conclusive in regard to the role of ROS in CAA pathogenesis, and the role of NADPH oxidase-derived ROS in CAA development has yet to be examined.
In the present study, we used the NADPH oxidase inhibitor, apocynin, and the nonspecific ROS scavenger, tempol, to directly determine the role of ROS in CAA formation. Both have welldocumented potencies and selectivities for attenuating oxidative stress (56, 67, 68) . In addition, the primary manner by which apocynin exerts its anti-ROS effect is via inhibition of NADPH oxidase-one of the two major ROS-producing pathways in cerebral vessels (the other being mitochondria) (32, 69) . We found that 10-12 wk of apocynin treatment in aged Tg2576 mice reduces CAA formation by 80%, while having no significant effect on parenchymal plaque load. A trend for a similarly selective reduction in CAA formation was seen in aged Tg2576 mice treated with tempol. These data strongly implicate ROS and, in particular, NADPH oxidase-derived ROS in the pathogenesis of CAA. Moreover, our data offer a potential explanation for the findings of Iadecola and coworkers, who showed that genetic inhibition of NADPH oxidase improves CV function in aged Tg2576 mice (28)-that is, CAA formation may have been reduced and therefore contributed to the observed improvement in CV function. When coupled with the aforementioned genetic studies that implicate mitochondria-derived ROS in parenchymal amyloid pathogenesis, our data linking NADPH oxidase-derived ROS to CAA pathogenesis raises the intriguing possibility that the source of ROS may play a critical role in its influence on parenchymal vs. vascular amyloid deposition.
To explore the mechanisms by which vascular oxidative stress contributes to CAA pathogenesis, we examined the influence of apocynin on two factors known to influence the distribution of vascular vs. parenchymal amyloid-apolipoprotein E (ApoE) and the Aβ 40 /Aβ 42 ratio. ApoE is an extracellular Aβ binding protein that influences Aβ fibrillogenesis and clearance. When ApoE is genetically deleted in Tg2576 mice, parenchymal amyloid deposits are modestly decreased and CAA is virtually eliminated (45) . A fifty percent reduction of ApoE also decreased CAA (45) . In contrast, when human ApoE4 is overexpressed in Tg2576 mice, the distribution of amyloid pathology is altered in favor of vascular vs. parenchymal deposits (46) . In the present study, we found that apocynin and, to a lesser degree, tempol decrease mouse ApoE levels-an effect that would be expected to decrease CAA formation to a far greater extent than neuritic plaques. In addition, we examined the impact of apocynin on the Aβ 40 /Aβ 42 ratio but found no significant effect. Taken together, our data suggest that the manner by which oxidative stress promotes CAA formation is via its influence on ApoE rather than any potential influence on Aβ metabolism. Additional experiments will be required to definitively establish ApoE as the key factor and to determine the manner in which oxidative stress impacts ApoE metabolism.
Conclusion
Our work supports the findings of previous investigators who documented that ROS and, in particular, NADPH oxidasederived ROS play a role in the severe CV deficits noted in aged Tg2576 mice. In addition, our results extend these past observations on several fronts. First, we provide direct evidence that ROS are responsible for CAA-induced CV dysfunction. Second, we show that ROS underlie CAA-related microhemorrhage. Third, we demonstrate two mechanisms by which oxidative stress contributes to CAA-induced CV deficits: (i) promotion of CAA formation, and (ii) direct induction of vasomotor impairment. Fourth, we provide strong evidence that the source of the offending ROS is NADPH oxidase-one of the two principle pathways by which oxidative stress is produced in cerebral vessels. Finally, we provide preliminary evidence that the mechanism by which ROS promote CAA formation is via the influence of ROS on brain ApoE levels. These data strongly suggest that ROS and, in particular, NADPH oxidase-derived ROS are a promising therapeutic target for CAA-related neurological morbidity including ischemic brain injury, cerebral hemorrhage, and AD and non-AD dementia. Whether other ROS producing pathways (in particular mitochondria) also contribute to CAA-induced CV deficits, whether CAA-directed therapies of any kind reduce ischemic brain injury and/or enhance cognitive function, and whether long-term anti-ROS therapy sufficient to positively impact CAA carries any significant side effects (e.g., immune suppression) are all important topics for future investigation.
Methods
Animals and Materials. All experimental protocols were approved by the Animal Studies Committee at Washington University. The production, genotyping, and background strain (B6/SJL) of Tg2576 mice used in this study have been described previously (42, 70) . Tg2576 mice overexpress human APP695 with the familial Swedish AD mutations at positions 670/ 671 under control of the hamster prion protein (PrP) promoter and were a generous gift from K. Ashe (University of Minnesota, Minneapolis, MN). Apocynin and tempol were purchased from Sigma-Aldrich. PS1APP mice were also used in our study. These mice have a C57BL/6J genetic background that coexpresses KM670/671NL mutated APP and L166P mutated presenilin 1 under the control of a neuron-specific Thy1 promoter element (71) .
Drug Administration. In one experiment, 12-mo-old Tg2576 mice and WT mice were treated with the NADPH oxidase inhibitor apocynin (1.5 mM) or the free radical scavenger tempol (1 mM) in drinking water for 10-12 wk (n = 5-6 per group). Drug treatment was initiated at 12 mo of age, when Tg2576 mice have substantial parenchymal plaque loads but limited CAA loads (13) . In a second experiment, Tg2576 and WT mice were treated with apocynin (1.5 mM) in drinking water for 12 wk beginning at 6 mo of age (n = 6 per group) to determine whether apocynin influences Aβ levels, the Aβ 40 /Aβ 42 ratio, and ApoE levels. In a third experiment, PS1APP mice were treated with apocynin (1.5 mM) or tempol (1mM) in drinking water for 2 wk beginning at 3 mo of age (n = 4-5 per group) to determine whether apocynin and tempol influence ApoE levels. Doses of apocynin and tempol were chosen according to previous reports (20, 72) .
Closed Cranial Window Preparation and Live Microscopic Imaging. A closed cranial window preparation was performed as previously reported (13) . Briefly, mice were anesthetized with isoflurane (4% induction, 1.5% maintenance), and a 4-mm-diameter craniotomy was performed with a watercooled dental drill in the right parietal bone. Two silastic tubings (i.d., 0.3 mm; o.d., 0.64 mm; Dow Corning) were inserted through the bone wax to permit topical application of vasodilators. The craniotomy was filled artificial cerebrospinal fluid (aCSF) (in mM: 125 NaCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.5 KCl, 1 MgCl 2 , 1 CaCl 2 , and 25 glucose) and sealed to the bone with a microscope coverglass using dental cement. To label amyloid deposits in the brain, mice were i.p. injected with a Congo red derivative, methoxy-X04. Fifteen hours later, mice were reanesthetized with isoflurane and
